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Theva Diinnschichttechnik GmbH 7. Mai 2001 

T35696US HS/Wg/nem 

Superconducting switching element and method 

1. Technical field 

5 The invention relates to a superconducting switching element and a method for its 
intentional switching. 

2. The prior art 

Superconducting switching elements, which can be selectively switched in a very 
10 short time from a superconducting state into a normal state, can be used in high 
power electronics for a large number of devices, in particular, if the electric 
strength of semiconductor elements is not sufficient or the time constants of con- 
ventional switches are too high. Examples of such devices, the function of which 
can be improved by superconducting power switches, are current limiters, rectifi- 
15 ers, inverted rectifiers, high field magnets and magnetic energy storages. 

Superconducting switches have already been described on the basis of classic 
metallic superconductors like niobate etc.. However, since these classical super- 
conductors are also very good normal conductors having a very low resistance, the 

20 height of the increase of the resistance during switching is very low. Accordingly, 
a lot of material must be used, for example in the form of a long wire wound to a 
coil to obtain a significant increase of the resistance in the electric circuit. The 
amount of the required material, however, leads to a very high thermal inertia and 
the switch requires a long recooling time (several ten seconds up to minutes) until 

25 it can be operated again. 

High temperature superconductors are in contrast thereto poor conductors in the 
normal state. In the form of thin films on a carrying substrate, the thermal time 
constant is lower by orders of magnitude (in the range of milliseconds). For this 
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reason resistive switches on the basis of thin HTS layers are of high interest for 
the above described applications. 

Superconducting switching elements consist typically of a conductor of high tem- 
5 perature superconducting material which is deposited onto a carrying substrate by 
means of thin film techniques and which is structured into suitable conducting 
paths by means of photolithography. Such a conductor is electrically contacted at 
its ends and inserted into an electric circuit. The superconductor is cooled to a 
temperature below its critical transition temperature so that the nominal current 

10 can flow through the superconductor without ohmic losses. If the transported cur- 
rent exceeds the nominal current, for example in case of a short in the circuit, or if 
the current carrying capability is artificially reduced by an external influence, the 
superconductor switches from the superconducting state over to the normal con- 
ducting state, since the superconductor loses its superconducting property, if the 

15 critical current is exceeded. Due to the arising high resistance, the short circuit 
current is limited or can be directed into a parallel branch in the electric circuit. 
This switching process occurs within fractions of a millisecond up to a few milli- 
seconds. 

20 If the switchingStement is added in series to an electric circuit, it can be used as a 
resistive current limiter. Such current limiters are known from the DE 198 27 225 
V,. and the DE 198 232 279L Due to its short response time and the limitation of the 
fc^j^ maximal current, all othe^perating means, which are arranged in the electric 
circuit, are substantially less lo^ed. The switch acts as a self-triggering fuse. Af- 
25 ter the short circuit has been removed by means of conventional switches, the su- 
perconductor can recool and is availablesfor a new switching process. 

If the switch can be selectively triggered, the suddenly occurring resistance can 
also be used for switching the current flow into a parallel line of a lower ohmic 
30 resistance. The switch acts in this case not as a fuse but as switchable points. Due 
to the fast response time and the low thermal inertia of the thin film conductor, 
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these points can also be used to periodically switch an alternating current of low 
frequency, as for example the 50 or 60 Hz net frequency. 

Also in the case of a resistive current limiter switching on its own according to the 
5 above described principle and not requiring an active control, such a control is 
nevertheless desirable. The reason is that the superconductor changes only under 
ideal circumstances simultaneously over its complete length into the normal con- 
ducting state. In practice, the switching process always starts at the weakest point 
caused by the imhomogenity of the material. Since the complete dissipated energy 

10 arises instantaneously locally in this narrowly limited area, a so-called "hot spot" 
can form by local overheating. Due to a positive feedback, the area continues to 
heat up until the material is destroyed by heating. For this reason measures are 
taken in known current limiters to prevent the "hot spof'-formation. One example 
for these measures is to deposit a metallic parallel conductor ("shunt") onto the 

15 superconductor. Such arrangements are described in the DE 198 56 425 and the 
above mentioned patents. A major disadvantage of this "shunt"-layer, however, is 
that the resistance in the normal conducting state is in the case of triggering the 
switch no longer exclusively determined by the superconductor but essentially by 
the metallic "shunt"-layer, whereby the maximally switchable power (the product 

20 of current prior to switching and voltage drop after switching) is drastically re- 
duced. If it is possible to simultaneously switch the superconductor in a large area, 
the "hot spof'-problem is no longer present and there is no need for the shunt- 
layer. 

25 It is known that the superconductor can be heated above its critical temperature by 
a heater arranged on the substrate using a current pulse so that the switching proc- 
ess can be triggered. Resistively heated thin metallic layers, for example made out 
of constantan, can be used. However, it is a disadvantage of this method that con- 
siderably high heating powers are necessary. In the case of a high temperature 

30 superconductor, the operating temperature is typically above 40 K, preferably 
close to the boiling temperature of liquid nitrogen at approximately 77 K. In this 



-4- 



temperature region heat is distributed through the substrate by diffusion, i.e. the 
heating pulse must at first fill the - compared to the superconducting film - huge 
heat capacity of the substrate. The necessary heater power is therefore considera- 
bly higher than necessary for triggering the superconductor alone. Furthermore, 
5 the added heat increases the recooling time of the switch into the superconducting 
state. Therefore, this way of triggering is not suitable for fast periodic switching 
processes. 

Further it is known that the critical current can be suppressed in classical metallic 
10 superconductors by applying a magnetic field so that the switching process can be 
triggered. This method, however, is not practicable in the case of epitactically 
grown high temperature superconductor layers due to the necessary high critical 
field strength. 

15 It is therefore the problem of the present invention to actively control the switch- 
ing process and to simultaneously trigger it in a large area in a way that the de- 
scribed disadvantages of the prior art are overcome. This allows on the one hand 
to solve the problem of local overheating, on the other hand there are completely 
new fields of application for such a switching element due to the fast, selective 

20 triggering. 

3. Summary of the invention 

This problem is solved by a switching element with the features of the independ- 
ent claim 1 and a method with the features of the independent claim 22. 

25 

According to the invention, the triggering of the switching process in a current- 
carrying superconductor is made possible by irradiation of electromagnetic high 
frequency having preferably a comparatively low power. The quickly changing 
field can directly couple to the superconductor and induces a resistance in the su- 
30 perconducting layer which is further amplified by the transport current, until the 
superconductor becomes normally conductive. 
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Preferably, the field is irradiated in the form of high frequent pulses of a fixed 
frequency. The same effects, however, can be obtained with fields consisting of 
different frequencies. Accordingly, the triggering is not limited to pure high fre- 
5 quent sinusoidal oscillations but can be generally obtained by signals changing in 
time having high frequent Fourier components which are equivalent to the stimu- 
lating frequencies described below. The time length of the high frequency irradia- 
tion is only relevant insofar that it must be long enough to trigger the switching 
process. 

0 

Further preferred embodiments and applications of the switching element accord- 
ing to the invention as well as of the corresponding method are the subject-matter 
of further dependent claims. 



15 4. Short description of the drawing 

In the following the typical construction for a controlled triggering of supercon- 
ducting switching elements is exemplary presented. The following drawings serve 
for illustration: 



20 Fig. 1: Schematic assembly of a controllable switching element. The 

switching element consists of a superconducting strip conductor 1 
deposited onto a substrate. This element is inserted in series into an 
electric circuit and carries a current I. The source of the current 2 
can be a direct currency source, an alternating currency source or 

25 any other current source. The oscillating circuit 3 for creating the 

high frequency consists of the capacitors 4 and 5 and the coil 6 
which is positioned close to the superconductor. By means of a 
pulsed HF-generator 7 the high frequency is coupled via the ca- 
pacitor 4 into the oscillating circuit. The coupling of the high fre- 

30 quency can also be achieved by other methods common in the art. 
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The time length of the pulse can be adjusted at the generator 7. In- 
stead of a generator, also a self stimulating circuit can be used. 

Figs. 2 a-e: Different possible embodiments of flat coils 6 for coupling the 
5 magnetic field into the superconductor 1 . The number of windings 

of the coil varies depending on the size of the area to be switched 
or the inductivity necessary for the oscillating circuit 3. 

Fig. 3 : Time dependency of current and voltage over the superconducting 

10 switch operated as a resistive current limiter. At first an initial cur- 

rent of approximately 36 A was applied to the superconductor. 
Subsequently, the superconductor was subjected to a high fre- 
quency pulse of 23 MHz with an output power of 11W of 5 ms. 
Thus, a switching process was triggered and the current limited to 
15 approximately 15% of the initial current. 



Fig. 4: Schematic construction for triggering a stack of superconducting 

switching elements 1. The single superconducting elements are 
connected to each other via contacting lines 11. (a) Between a pair 
20 of plates there is a respective coil 6 of the oscillating circuit trig- 

gering the two adjacent plates, (b) In case of a sufficiently high HF- 
power, a complete stack of several superconducting elements 1 can 
be triggered. 

25 Fig. 5: Arrangement for the fast decoupling of energy from a magnetic 

energy storage. The storage consists of the high field coil 20 which 
is shorted via the switching element 1 and in which a permanent 
current circulates. A consumer can be connected to the contacts 2 
which is during normal operation supplied by the mains supply. In 

30 case of a short interruption of the mains supply which would sub- 

stantially interfere with the consumer, the switching element 1 is 
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triggered and the current is available at the contacts for smoothing 
the interference of the mains supply. In general such an arrange- 
ment can be used for creating high power, direct currency pulses. 

5 Fig. 6: Two switching elements 1 and V are arranged in an electric circuit 

each in parallel to a consumer 30, which can be a magnetic coil or 
any other ohmic consumer. At a parallel circuit current can be cou- 
pled into from the outside via a transformer 40. In case of the con- 
sumer being a superconducting magnet this arrangement can be op- 

10 erated as a flow pump. In case of another consumer this is called a 

controlled rectifier. 



Figs. 7a, b: Relation between irradiated power and switching time for different 
high frequencies in the MHz-range. 

15 



5. Detailed description 

The superconducting switching element consists according to Fig. 1 of a thin high 
temperature superconductor film on a substrate structured into a strip conductor 1 
20 and contacted at its ends. It is inserted in series into an electric circuit. Close to the 
superconductor 1 a coil 6 is arranged having preferably a planar shape, which is 
isolated from the superconductor for example by a thin Kapton film. For cooling 
the assembly, it can be arranged for example in a PVC-reservoir filled with liquid 
nitrogen. 

25 

Different embodiments of the coupling coil are exemplary shown in Fig. 2. The 
coil can be wound as a flat coil out of copper, silver-plated copper wire or silver 
wire or a high frequency stranded wire, it can be structured in layer technique 
onto the backside of a substrate or be manufactured from the copper coated con- 
30 ductor plate (Pertinax, epoxy resin-fiber glass laminate). 
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In a particular preferred embodiment a 35 \im thick conductor coil made out of 
copper is used. It is structured by means of photolithography from a 1,4 mm thick 
conductor path on epoxy resin fiber glass laminate FR4. Exemplary dimensions of 
the coil are in the range of 10 mm x 40 mm. 

5 

Preferably, the coil can also consist of superconducting material in order to obtain 
a high Q of the oscillating circuit and thus a low switching power. The coil is ei- 
ther directly supplied via a pulsed high frequency generator or it is, as shown in 
the example of Fig. 1, part of an oscillating circuit 3, which is fed from a fre- 
10 quency generator 7 with high frequency pulses (time length 1 jas to 1 s), or it os- 
cillates on its own. The coupling into the oscillating circuit can be achieved, as 
shown, via a capacitor 5 or any other common ways, for example inductively. In 
the case of the shown arrangement of an oscillating circuit, the overall capacity is 
tuned to the desired resonance frequency of the oscillating circuit. 

15 

The used frequencies are preferably in the MHz-range and should preferably not 
exceed 200 MHz, since the major part of the power is at higher frequencies re- 
leased as electromagnetic waves and not available for switching which requires 
high output powers at the frequency generators. 

20 

The high frequency power P^to fed into the oscillating circuit versus the switching 
time at different frequencies is shown for two different measurements in the Figs. 
7a and 7b. These measurements were performed with the same sample (switching 
currency I s =34 A), however, using different initial currents of 26 A (Fig. 7a) and 

25 22 A (Fig. 7b) (voltage source: Battery). The smallest switching times are 
achieved at a frequency of approximately 10 MHz. At higher powers Pinto, the 
switching time of the different frequencies approach each other more and more. 
Prior measurements up to 800 MHz confirm that a switching with higher fre- 
quency requires a longer pulse length or a higher power, as already indicated up to 

30 80 MHz. Frequencies above 100 MHz are therefore not to be reasonably used as 
switching frequencies. This also seems to apply for frequencies below 10 MHz. In 
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general an essentially exponential relation between the power and the switching 
time is found. 

There are two operating modes for the superconducting switching element: 

5 

1. The switch is heated after triggering by the current flowing through, the su- 
perconductor remains in the resistive state until the flow of current is inter- 
rupted somewhere else and the superconductor can cool down. 

10 2. The switch is triggered by the HF-power coupled into, however, the dissipated 
energy caused by the current flowing through is less than the cooling power of 
the carrying-off of heat. The flow of current is not sufficient to keep the su- 
perconductor in the resistive state. Once the HF-signal is turned off, the switch 
cools down and becomes superconducting again. This operating mode may for 

15 example be present, if there is a low ohmic conductor parallel to the switch. 

6. Examples: 

Example 1 

20 The actively triggered superconducting switching element 1 consists of a 4 cm 
long and 1 cm wide YBCO-film (YBa 2 Cu 3 0 7 -6) having a thickness of 300 nm, 
which is epitactically deposited onto a sapphire substrate. The superconducting 
ridge is subjected to an initial current of 36 A. The coupling coil 6 for the high 
frequency consists of a flat coil according to Fig. 2b with 1 1 windings and an in- 

25 ductivity of 1 ,5 /xH. It covers the ridge almost completely. The switching process 
can be recognized in Fig. 3 by a voltage increase and a current drop. The current 
is limited to approx. 15 % of the initial current. 

Example 2 

30 The actively triggered superconducting current limiter 1 is inserted in series into 
an electric circuit. If a strong current increase exceeding the nominal current - for 
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example due to a short circuit - is detected, the short circuit current can be limited 
by the active triggering of all superconducting elements without the occurrence of 
a hot spot. The limitation to approximately the nominal current takes place within 
a few milliseconds. The HF coil 6 must not necessarily cover the complete super- 
5 conductor 1 but can be limited to parts of preferably a few millimeter length. If 
such a macroscopic area has switched, a hot spot can no longer form and the 
quench is distributed over the conductor with speeds between 10 and 100 m/s. The 
switching length depends on the maximal voltage of the outer circuit. 

10 Example 3 

A superconducting magnetic energy storage (SMES) consists of a superconduct- 
ing coil 20 creating a high magnetic field which is shorted according to Fig. 5 via 
a superconducting switch 1 of the above construction. In order to decouple energy 
from the system, the superconducting element 1 is switched by means of the high 

15 frequency pulse into the normal conducting state. The superconducting switching 
element 1 acts as points for the current. During the time period of the HF-pulse 
the stored energy is available at the contacts 2, that is, for an external consumer 
for a time period of typically a few milliseconds. When the HF-pulse is turned off, 
the superconductor 1 falls back into the superconducting state and the energy stor- 

20 age is shorted again. This arrangement serves to buffer short voltage fluctuations 
in the external electric circuit, which is very important for the operation of sensi- 
tive systems, for example in the semiconductor or paper production. 

Example 4 

25 Two or more actively triggered superconducting switches 1,1* are used for oper- 
ating a flow pump by switching in antiphase (cf. Fig. 6). Such flow pumps serve 
for loading a great inductivity with a high current. The alternating current fed via 
the transformer 40 into the superconducting circuit is switched by the alternating 
opening and closing of the switches 1 and 1 ' so that as a net result the current in 

30 the magnet 30 is stepwise increased. For a pumping frequency of 20 Hz at first a 
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closing time of the switch of 15 ms is necessary which can easily be achieved with 
the switching element 1,1* according to the invention. 

Example 5 

5 Two or more actively triggered superconducting switches 1, 1' are used for recti- 
fying an alternating current by switching in antiphase. An exemplary circuit is 
shown in Fig. 6 and can be operated in the same manner as the flow pump (exam- 
ple 4). However, instead of the magnetic coil 30 there is a consumer 30 for direct 
current provided. 

10 

Example 6 

If in Example 5 or Fig. 6 the functions of consumer and current source are ex- 
change, the assembly can be used as an inverted rectifier. A direct voltage fed into 
the system at the position 30 is transformed into alternating voltage at the output 
15 40 by a periodic switching of the switches 1 and 1 ' in antiphase. 

The examples 4 to 6 have in common that the primary circuit with an alternating 
current is only inductively coupled to the superconducting, that is, cooled secon- 
dary circuit. Thus, both circuits can be easily thermally decoupled so that there is 
20 no undesired heat flow via the contacts into the cooled area. 



25 
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